A fiber surface Bragg grating waveguide (BGW) fabricated in the surface of single-mode fiber by direct femtosecond laser inscription is demonstrated and successfully applied for refractive index (RI) measurements. Prior to laser inscription of the fiber surface BGW, an X -coupler is first inscribed across the fiber core to couple light from the core to the fiber surface. The light transmitted in the fiber surface BGW efficiently interacts with the surrounding medium due to a strong evanescent field, and obtains an acceptable RI sensitivity approaching ∼16 nm∕RIU. The novel design efficiently couples the light guided in the core with the surrounding medium using a non-destructive, single-step micromachining process, and is expected to have potential applications in fiber biochemical sensing.
The local modification produced by femtosecond (fs) laser pulses can introduce both positive and negative changes in the refractive index (RI) of transparent dielectric materials, and can therefore be employed for the fabrication of optical waveguides based on total internal reflection [1] [2] [3] . The three-dimensional (3D) RI modification capability of this method has generated considerable interest, and has facilitated the fabrication of various optical devices. This method has already shown great potential for the fabrication of complex integrated devices and has recently been applied to the fabrication of Bragg grating waveguides (BGWs) [4] [5] [6] [7] , fiber shape sensors [6, 8] , and anti-resonant reflecting optical waveguides [9] .
The utilization of optical fiber for the development of biochemical sensors based on environmental measurements such as the RI has attracted considerable attention in recent years. To realize RI measurement, a number of approaches have been proposed to efficiently couple light propagating in the fiber core with the surrounding medium. The first method relies on the inscription of fiber gratings in fragile micro/nanofibers with diameters approaching or less than the wavelength of the guided light to realize high sensitivity RI measurement [10] . The second method removes the fiber cladding by side-polishing [11, 12] to obtain a fiber segment having a D-shaped profile that facilitates plasmonic sensing on the cladding surface [13, 14] . In addition, the periodical collapse of the fiber cladding has been employed to form long period fiber gratings that can achieve RI sensing [15] . Moreover, a Mach-Zehnder interferometer has been fabricated by drilling holes to gain access to the fiber core [16] . Besides, a modal interferometer based on thin-core fiber is designed for RI measurements [17] . However, except for the first and last methods, all of the above methods for ensuring coupling between light guided in the core and the external environment ultimately damage the fiber to varying degrees. Thus the mechanical strength of most of the resulting sensor devices is either initially low (as in the first method) or is compromised, which limits the usefulness of these RI sensors in biochemical applications.
In this Letter, a fiber surface BGW fabricated by direct fs laser inscription of single mode fiber (SMF) is proposed and its RI sensing performance is experimentally demonstrated. The light propagating in the core is shown to be efficiently coupled to the fiber surface by an X -coupler that is fabricated across the fiber core prior to inscription of the BGW, which ensures that the light propagates with an enhanced evanescent field. As such, in contrast to a conventional fiber Bragg grating (FBG) whose resonant wavelength is insensitive to the external RI, the Bragg resonant wavelength of the BGW becomes sensitive to the surrounding medium. More importantly, the SMF sustains no structural damage, which ensures the mechanical strength of the sensor. This method provides a novel means of enhancing the evanescent field of an optical fiber for highly sensitive RI measurements in a biochemical setting.
The fabrication process for the proposed fiber surface BGW is schematically illustrated in Fig. 1(a) . The inscription process employs a regenerative amplified Ti:sapphire fs laser (Spectra physics, Newport Corp.), with 100 fs pulse duration, a central wavelength of 800 nm, and a pulse repetition rate of 1 kHz. An oil-immersion objective lens of 100× magnification (1.25 NA) is selected to eliminate the aberration introduced by the cylindrical morphology of SMF (Corning SMF-28). First, the SMF is mounted on a 3D translation stage comprising a GTS150 linear stage, XMS50 linear stage, and a GTS30 V vertical stage (all of which are manufactured by Newport Corp.) to achieve precise three-axis displacement. Second, an X -coupler is fabricated by inscribing a single straight waveguide across the core and to the lower surface of the fiber at a designated angle θ of 0.02 rad by means of direct fs laser inscription. The X -coupler can couple the ∼60% light from fiber core into laser-inscribed waveguide, and the insertion loss of <1 dB is estimated. In the waveguide inscription process, the energy is adjusted to 650 nJ by rotating a half wave plate in conjunction with a polarizer, and the overall translational velocity of the fiber is set at 10 μm/s. The translational motion of the fiber is precisely controlled according to the position fs laser focal point. To ensure an adequate cross-sectional area for the waveguide, the employed fs laser pulse energy of ∼650 nJ is greater than that employed in a previous work (130 nJ) [18] , because of the lower pulse repetition (1 kHz) utilized in the present experiment, and the waveguide propagation loss of ∼0.5 dB∕mm is estimated by the cut-back method. Third, a fiber surface waveguide with a length of ∼3 mm is first inscribed along the lower surface of the fiber to support light propagation with an enhanced evanescent field, and then the inscribing parameters are adjusted to inscribe a Bragg grating in the fiber surface waveguide. At the process of inscribing Bragg grating, the pulse energy and the translational velocity are adjusted to 460 nJ and 1.07 mm/s, respectively. Theoretically, a longer grating length can enhance the reflection intensity and the Bragg peak will become sharper, which is good to improve the sensor's resolution. However, the propagation loss of the laser-inscribed waveguide will significantly rise with an increase of waveguide length, and the performance of Bragg grating will be degraded. To achieve a good balance between the propagation loss and the reflectivity, the length of the grating waveguide is optimized to be ∼3 mm.
An optical microscopy image of the fabricated fiber surface waveguide is shown in Fig. 1(b) , which indicates that the inscription process produces a waveguide with an obvious periodic structure. The red dashed line indicates the lower surface of the SMF and the region between the two black dashed lines represents the BGW produced by the inscription process with the laser direction running from top to bottom as indicated. The use of an optimized laser energy and inscription velocity ensures that the BGW can be inscribed fairly close to the fiber surface (i.e., ∼2.00 μm away from the lower surface of the SMF) and achieves nondestructive fabrication.
The cross-sectional RI modulation profile of the inscribed waveguide, which is employed for fabricating the X -coupler and the fiber surface waveguide, was measured by an IFA-100 interferometric system [19] , and the results are shown in Fig. 2 . As observed in the figure, the cross-sectional morphology of the inscribed waveguide is asymmetric, with an overall length of ∼12.7 μm in the vertical direction and ∼3.3 μm in the horizontal direction, and the vertical length consists of segments with both positive (∼8.3 μm) and negative (∼4.4 μm) RI modulation. The magnitude of the positive RI modulation (∼1 × 10 −2 ) is much greater than that of the doped SMF core (∼3 × 10 −3 ), and the magnitude of the negative RI modulation is further increased to ∼2.5 × 10 −2 , which ensures a better confinement of the guided light, and decreases the curvature loss of the X -coupler and fiber surface BGW.
The fabricated fiber device was connected with an amplified spontaneous emission (ASE) light source via a 3-dB coupler, and the reflection spectrum was measured by an optical spectrum analyzer (OSA). Figure 3 shows the measured reflection spectrum, where the signal-to-noise ratio (SNR) at the Bragg resonant wavelength was ∼14 dB with a full width at half maximum (FWHM) of ∼0.89 nm. Owing to the enhanced Letter evanescent field that couples strongly with the surrounding medium, the sensing information is encoded according to a shift in the Bragg resonant wavelength of the BGW signal, and the RI of the surrounding medium is determined when the signal is reflected back to the fiber core and subjected to signal demodulation.
The effects of the surrounding RI (n surr ) on the birefringence of the fiber surface BGW and on the Bragg resonant wavelength transverse electric (TE) and transverse magnetic (TM) mode signals were investigated. The reflection spectra of the fiber surface BGW for TE and TM modes were therefore measured in surrounding media with two substantially different RI values by means of an optical component analyzer composed of a tunable laser source (Agilent, 81940A), polarization synthesizer (Agilent, N7786B), and an optical power meter (Agilent, N7744A). As respectively shown in Figs. 4(a) and 4(b), the reflection intensity of the TE mode is greater than that of the TM mode in both air (n surr 1.000) and in a liquid (n surr 1.440). It may be caused by the poor circle symmetry of cross-section of laser-inscribed waveguides. The difference in the Bragg resonant wavelength for the orthogonal modes (Δλ) was measured to be ∼109.5 pm in air and ∼16.5 pm in the 1.440 RI liquid. It was determined that the birefringence of the fiber surface BGW (Δn eff ) in the 1.440 RI liquid (1.54 × 10 −5 ) was much weaker than that in the air (1.02 × 10 −4 ), which indicates that the circular symmetry of the mode field of the fiber surface BGW is better in the 1.440 RI liquid than in air. This is because the dramatic drop in the RI value from the surface BGW to the air breaks the intrinsic circular symmetry of the mode field of the waveguide induced by fs laser inscription.
The RI response of the fiber surface BGW was investigated at room temperature by immersing the device into a series of standard RI liquids (Cargille Labs) whose RI values increased from 1.400 to 1.450 in 0.010 steps. After each test, the device was carefully cleaned with alcohol until no residual liquid remained, which was verified by the restoration of the original reflection spectrum. The measured RI response of the fiber surface BGW is shown in Fig. 5 , where the Bragg resonant wavelength is shown to vary exponentially with respect to n surr . Small deviations between the measured data and the fitting curve may be caused by the measurement error of Bragg peak wavelength. In addition, the evolution of the reflection spectrum of the fiber surface BGW obtained during RI testing is shown in the inset of Fig. 5 . It is noted that the intensity of the evanescent field is enhanced when n surr approaches Fig. 3 . Reflection spectrum of the proposed fiber surface BGW. the RI value of the fiber cladding, which results in an acceptable sensitivity of ∼16 nm∕RIU obtained at 1.450. The obtained RI sensitivity is comparable with that of D-shaped fiber (∼30 nm∕RIU) [13] . Moreover, the sensitivity can be improved even higher by decreasing the distance between the laser-inscribed waveguide and fiber surface. Besides, the smaller dimension of the waveguide can also enhance the evanescent field of the waveguide, and therefore the RI sensitivity can be increased. However, the propagation loss of the thinner laser-inscribed waveguide will be increased, resulting in a poor reflection at Bragg wavelength.
The influence of the temperature on the Bragg resonant wavelength of the fiber surface BGW was also investigated by placing the device into an electric oven in air and gradually increasing the temperature from 30°C to 80°C. The results are plotted in Fig. 6 , and the evolution of the reflection spectrum with respect to temperature is shown in the inset of Fig. 6 . The resonant wavelength is observed to shift to longer wavelengths with increasing temperature. The linear fitting of the measurement data, shown in Fig. 6 , indicates that the temperature response is ∼8.73 pm∕°C, which is similar to that of a conventional FBG [20] .
In conclusion, a fiber surface BGW fabricated by direct fs laser inscription in the surface of an SMF has been demonstrated and successfully employed for RI measurement. The novel design efficiently couples the light guided in the core with the surrounding medium using a non-destructive, single-step micromachining process, and is expected to have potential applications in fiber biochemical sensing. 
